A Supporting figures, plots and tables
Additional plots and tables of simulation results give a more detailed overview of the results presented in the main text. Table S1 contains the intrinsic energies of all macroscopic binding states of PaAz. The intrinsic energies of the macroscopic binding states have a clear relation to the electrochemical potential of the corresponding receptor species in solution.
A.1 Macroscopic binding behavior
1 Macroscopic binding properties of PaAz can be expressed in terms of these intrinsic energies.
1 This formulation allows to discern the influence of intrinsic receptor properties and ligand chemical potentials on the binding behavior of the system. The intrinsic energy of macrostate a is calculated from its partition function Z a as E int,macro a
where L is the number of ligand types and the stoichiometric coefficient ν a,m indicates the number of ligands of type m bound in macrostate a.μ m is the electrochemical potential of ligand type m in the surrounding solution. The partition function of the macrostate is given by
where the sum runs over all N i microstates n that form the macrostate a. The microstate energy is given by Eq. (1) of the main text. Note that the macroscopic intrinsic energies are independent of the ligand chemical potentials, as can be seen from comparison of Eq. (1) and Eq. (S1). The partition functions were computed numerically with Wang-Landau MC as described in reference 1. Simulation data for different ligand chemical potential combinations was averaged. For the averaging, we used for each macrostate only those simulations in which the macrostate was significantly populated to ensure proper statistical convergence of the corresponding histogram. 1 The partition function of PaAz in terms of macroscopic intrinsic energies is given by
where the sum runs over all N macro binding macrostates a. The equilibrium occupation probability p a of binding macrostate a is given by
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The free energy difference between two binding macrostates i, j is given by
Inserting Eq. (S2) and collecting terms yields the following expression for the free energy difference between two binding macrostates as a function of their intrinsic energies and the ligand chemical potentials
where the difference in the intrinsic energies accounts for internal changes within PaAz and the sum over the ligand chemical potentials accounts for the cost of exchanging ligands with the surrounding solution. Note that the relative intrinsic energies for the macroscopic reduction and protonation states with respect to the fully unbound macrostate in Table S1 are identical to the corresponding standard binding free energies. Figure S1 shows plots of the macroscopic binding probabilities in dependence on the pH value and the reduction potential of the solution. Figure S2 shows the number of effectively populated macroscopic reduction and protonation states plotted as functions of the pH value and the reduction potential of the solution. The effectively populated number of binding macrostates can be calculated from the Süßmann entropy.
2, 3 Figure S3 shows the free energies for all stepwise macroscopic binding reactions of PaAz as functions of the pH value and the reduction potential of the solution. Table S1 : Intrinsic energies of macroscopic protonation states for oxidized and reduced PaAz and intrinsic energy shift upon reduction. For clarity, the intrinsic energies are expressed relative to the oxidized, fully deprotonated macrostate. , where p a is the equilibrium probability of macrostate a and the sum runs over all N macro macrostates. 3 The number of effectively populated macrostates is color coded (see color bar) and indicated by the contour values. It can be seen that there is always more than one significantly populated protonation macrostate over the whole space of proton and electron chemical potentials investigated. The number of effectively populated protonation macrostates can be as high as 5(!). 
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A.2 Binding probabilities of individual sites Figure S4 shows the spatial position of all sites within the three-dimensional structure of PaAz. Figure S5 shows the protonation probability of all protonatable sites, the reduction probability of the copper center and the occupation probability of the low-pH form of the peptide flip region plotted as functions of the pH value and the reduction potential of the solution. Figure S6 shows plots of the equilibrium occupation probabilities of the forms hpH and lpH in dependence on the pH value and the reduction potential of the solution. 
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A.3 Reaction free energies for reactions of individual sites Figure S7 shows the reaction free energies of all reactions of individual sites considered plotted as functions of the pH value and the reduction potential of the solution. Figure S8 shows the protonation free energies and the free energy difference for the peptide flip in terms of thermodynamically defined Henderson-Hasselbalch pK a values 6, 7, 1 in dependence on the pH value and the reduction potential of the solution. Figure S9 shows the thermodynamically defined Nernst reduction potential 6, 1 of the copper center plotted in terms of a in dependence on the pH value and the reduction potential of the solution. The reduction potentials are plotted for the unconstrained system, the system constrained to the low-pH form and the system constrained to the high-pH form as well as the difference in the reduction potential between the two constrained systems. It can also be seen that there are many residues with a weak but significant dependency of the protonation free energy on the reduction potential of the solution. This is more clearly seen then expressing the protonation free energy in terms of the Henderson-Hasselbalch pK a value (see Figure S8 ). His-35 is the residue whose protonation free energy shows the greatest dependency on the reduction potential of the solution. and E = E sol − ∆G red /F. 6 The pK a value is color coded (see color bar) and indicated by the contour values. The curve for the peptide flip exhibits an apparent pK a value that is over wide ranges equal to that of His-35. This indicates a tight coupling between the protonation of His-35 and the peptide flip. It can also be seen that there are many residues with a weak but significant dependency of the pK a value on the reduction potential of the solution. Among those residues, His-83 is the most notable, because it titrates in the neutral range of the pH value. His-35 is the residue whose pK a value shows the greatest dependency on the reduction potential of the solution. Furthermore it can be seen that almost all protonatable sites have a pH-dependent pK a value. Figure S9: The reduction free energy and the Nernst reduction potential of the copper center as functions of the pH value and reduction potential of the solution. The Nernst reduction potential is given by E = E sol − ∆G red /F. 6 The reduction free energy and the reduction potential are color coded (see color bars) and indicated by the contour values in kcal/mol and V, respectively. The reduction reactions of PaAz are indicated by the curve labels. For the left column, the high-pH form (hpH) and the low-pH form (lpH) are populated according to the equilibrium distribution. For the middle columns PaAz was restricted to either the high-pH form (hpH) or the low-pH form (lpH). hpH: peptide flip region in the high-pH form and His-35 deprotonated. 4, 5 lpH: peptide flip region in the low-pH form and His-35 protonated. 4, 5 The last column shows the shift of the reduction potential that accompanies the transformation of PaAz from the high-pH form to the low-pH form. It can be seen that the shift of the reduction potential is almost constant (≈ 100 mV) over the whole range of pH values investigated.
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A.4 Cooperativity free energies between reactions of individual sites
Figures S10 to S12 show the numeric cooperativity free energies from Figure 6 of the main text and the spatial distances of the respective sites involved. Figure S13 shows the cooperativity free energies between the reduction of the copper center and all other reactions of individual sites considered and the cooperativity free energy between the protonation of His-35 and the conformational change of the peptide flip region plotted as functions of the pH value and the reduction potential of the solution. Figure S14 shows the covariance between the final states of all pairs of reactions of individual sites considered plotted as functions of the pH value and the reduction potential of the solution.
We showed in the main text, that apart from His-35 and His-83 many other residues contribute in minor fashion to cooperativity of protonation and reduction (see Figure 6 of the main text, Figs. S10 to S12 and Figure S13 ). The cooperativity free energies make these minor contributions visible as can be seen from Figure 6 . The covariance as cooperativity measure is not very sensitive to such weak couplings and thus fails to reliably indicate weak cooperativity ( Figure S14 ). Furthermore, also the covariance between states of strongly coupled sites is only visible in regions of the chemical potential space in which the events actually and frequently occur in equilibrium. This property of the covariance manifests itself in a coincidence of the regions of chemical potential space with significantly non-zero magnitudes of the covariance and the regions in which the initial and the final states of the involved reactions occurr with probabilities that differ significantly from 0 and 1. The coincidence of these regions is evident from comparison of the covariance plots in Figure S14 and of the corresponding probability plots in Figure S5 . In contrast, the cooperativity free energy reliably indicates and quantifies both weak and strong cooperativity for the whole range of ligand chemical potentials as can be seen from Figure S13 . protonation N−term. protonation N−term. 
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A.5 Electrostatic surface potential of PaAz Figure S15 shows the electrostatic potential distribution on the surface of PaAz for different states of PaAz, regarding the reduction of the copper center and the protonation state His-35 which is tightly coupled to the conformational change of the peptide flip region. It can be seen that the prominent negative potential of the His-35 patch for the high-pH form in both reduction states is neutralized in the respective low-pH form. The involvement of the His-35 patch in electron transfer reactions with other proteins was proposed before but later no longer considered due to experiments that confirmed electron transfer (ET) mediation by the hydrophobic patch. 11, 12, 13 The close proximity of the two patches, however, seems to imply that both patches can play a role in the association with ET partners. Interestingly, the electron self exchange rate of the PaAz mutant M44K was found to be pH-dependent while the corresponding rate of the wildtype PaAz was independent of pH.
11 The residue 44 is located close to the center of the hydrophobic patch. It is well known that many small cytochrome c type, cytochromes possess positively charged lysine residues in close proximity to their hydrophobic patch. These residues could interact favorably with the complementary negative electrostatic potential of the His-35 patch of PaAz in the state high-pH form. This favorable electrostatic interaction would be disrupted if PaAz changes to the low-pH form. The importance of electrostatic interactions in the ET reaction between PaAz and horse heart cytochrome c has been demonstrated experimentally.
13
Studies of covalently linked azurin dimers demonstrated the importance of a close interaction of the hydrophobic patches of the two monomers for efficient ET.
14, 15, 16 The ET rate was reduced dramatically if a too short linker was used that did not allow the dimer to adopt the most favorable configuration. Cytochrome c 551 was suspected as one of the physiological ET partners of PaAz in P. aeruginosa. 17 A docking study of the complex between PaAz and cytochrome c 551 of P. aeruginosa shows a configuration in which the hydrophobic patches of the partners are tilted away from one another.
18 This is best seen in a picture of the docking model shown in figure 1 of reference 19 . The resulting rather large distances between the redox centers seem not to be optimal for efficient ET. The authors 18 do not comment on protonation states chosen for the titratable residues of PaAz, but the low-pH structure (PDB code 4AZU) was used to prepare the structure used in the simulations. If it is the case that PaAz was in the low-pH form during their calculations, our hypothesis about the role of the His-35 patch in the interaction with ET partners would be supported by the model. That is the low-pH form would be the ETincompetent form, while the high-pH form would be the ET-competent form that permits association of PaAz and its ET partner. The relevant difference for ET between the two forms is the electrostatic potential of PaAz at the His-35 patch. It would be interesting to see whether a repetition of the docking procedure with PaAz in the high-pH form would lead to a docking model with a closer distance of the redox centers.
Experimental work showed that while the ET reactions of PaAz show specificity to- The leftmost column shows a frontal view on the hydrophobic patch above the copper center that constitutes the the interaction interface with electron transfer partners. The arrows at the plots indicate a region of variable electrostatic potential at the right rim of the hydrophobic patch above the peptide flip region (best seen in the rightmost column). This region is termed His-35 patch and was suspected earlier to be involved in ET reactions of PaAz. It can be seen that the prominent negative potential of the His-35 patch in the form hpH is neutralized in the respective form lpH for oxidized and reduced PaAz. The structures of the states were constructed by setting all sites to their most highly populated instances. There are no significant conformational differences between the states apart from those in the peptide flip region. The net formal charges of the states are ox, hpH : 0; ox, lpH : 1; red, hpH : −1 and red, lpH : 0. The electrostatic potentials and solvent accessible surfaces were computed with our in-house version 8 of the MEAD package. 9, 10 wards cytochrome c 551 from P. aeruginosa, horse heart cytochrome c and artificial ET partners can react with PaAz albeit at lower reaction rates. 17 In the same study, it was found that the ET rate between PaAz and cytochrome c 551 from P. aeruginosa does not depend much on the pH value of the solution. This result stands in contradiction to the view that the low-pH form and the high-pH form are strictly ET inactive and active, respectively.
20 ET complexes are often loosely bound and can exhibit considerable configurational variability in the mutual orientation and distance of the redox partners. 21, 22, 23, 24 This is true for the ET productive complex and even more so for the encounter complex that precedes the productive complex during the association of the ET partners. 25 Thus, it would also be interesting to study ET complexes of PaAz in the high and low-pH forms experimentally with NMR methods and theoretically with Monte Carlo methods or Brownian dynamics. One might ask whether the switch between the high-pH and low-pH forms redirects PaAz towards other ET partners in the physiological context instead of shutting down its electron transport function between an electron donor and an electron acceptor completely. P. aeruginosa possesses a variety of different bioenergetic pathways. It is conceivable that the pH-dependent equilibrium of PaAz could serve in balancing the flow of electrons between different bioenergetic pathways in the bacterium. This balancing could result from altering the specificity towards different potential ET partners as a result of the altered electrostatic potential of PaAz (see Figure S15) .
PaAz has been found to interact with the eukaryotic tumor suppressor protein p53 26 and to protect it from degradation in the cell. 27 It has been speculated that the interaction of PaAz and p53 involves lysine residues of the DNA-binding domain of p53.
28, 27 These lysine residues could otherwise be ubiquitinated by the eukaryotic protein Mdm2 leading to degradation of p53. The protection of p53 from degradation by PaAz could thus be based on blocking access of Mdm2 to these lysine residues.
27 Alternative binding modes of PaAz and p53 involving the N-terminal 29 or C-terminal 29, 30 domains have also been suggested. In the rightmost column of Figure S15 , an elongated region of negative electrostatic potential including the His-35 patch can be seen at the rim of the hydrophobic patch of PaAz in the high-pH form. It is tempting to ask, whether this region mimics the negatively charged DNA backbone in the interaction of PaAz with the DNA binding moieties of p53. Table S2 lists the model energies of all considered redox and protonation forms of the sites in PaAz. Table S3 lists the atomic partial charges of the oxidized and reduced forms of the copper center. Table S4 lists the atomic partial charges of the protonated and deprotonated forms of the cysteine sidechain. Table S5 lists the atomic partial charges of the protonated and deprotonated forms of the lysine sidechain. Table S6 lists the atomic partial charges of the protonated form and the five tautomers of the deprotonated form of the arginine sidechain. Table S6 : Atomic partial charges for the protonation forms of arginine. Charges of chemically equivalent atoms were averaged.
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